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 In this communication we report the metastabilty and energetic of phase transitions of 
three different polymorphs of BiPO4, namely trigonal (Phase-I, space group P3121), monoclinic 
monazite-type (Phase-II, space group P21/n) and SbPO4-type monoclinic (Phase-III, space group 
P21/m) from ambient and non ambient temperature powder XRD and neutron diffraction studies 
as well as ab initio Density Functional Theory (DFT) calculations. The symmetry ambiguity 
between P21 and P21/m of the high temperature polymorph of BiPO4 has been resolved by 
neutron diffraction study. The structure and vibrational properties of these polymorphs of the 
three polymorphs have also been reported in detail. The total energy calculations have been used 
to understand the experimentally observed metastable behavior of trigonal and monazite-type 
BiPO4. Interestingly, all the three phases were found to coexist after heating a single phasic 
trigonal BiPO4 to 773 K. The irreversible natures of these phase transitions have been explained 
on the concepts of interplay of structural distortion, molar volume and total energy.  
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 Lattice-dynamic calculations of the phonon modes were performed at the zone center (Γ 
point) of the BZ. We used a direct force-constant approach (or supercell method) 43 as it is 
conceptually simple. These calculations provide information about the symmetry of the modes 
and their polarization vectors which allowed us to identify the irreducible representations and the 
character of the phonon modes at the Γ point. However, this method did not include the 
contribution from dipole-dipole interactions resulting the LO-TO splitting of infrared-active 
modes, due to the non-analyticity of this term at the Γ point. 
 
4. Results and discussion 
4.1. X-ray and neutron diffraction studies at ambient conditions 
 
The powder XRD patterns of the three phases of BiPO4, namely BiPO4-I, II and III 
(shown in Fig. 1) are in agreement with trigonal, monoclinic monazite-type (JCPDS-PDF-80-
0209) and monoclinic high-temperature SbPO4 type (JCPDS-PDF-77-2208), respectively. The 
complete transformation from one phase to other and retention of the transformed phases is a 
unique example observed in BiPO4 compared to other orthophosphates of trivalent cations. It has 
been argued that that the water molecules in BiPO4 play a crucial role in stabilizing the trigonal 
structure of BiPO4-I. 32 Such hydrated hexagonal forms have been reported for almost all the 
trivalent rare-earth cations and upon dehydration the structure is destabilized and transforms to 
other structure types. 44 The comparable coherent neutron scattering lengths of various atoms and 
negative scattering length of the hydrogen (bO = 0.580  × 10-12 cm, bBi = 0.853  × 10-12 cm, bP = 
0.513  × 10-12 cm, bH = -0.374  × 10-12 cm) were helpful to obtain accurate structural parameters 
by neutron diffraction compared to the x-ray diffraction. The detailed structural parameters of the 
three phases were obtained by Rietveld refinement of the powder neutron diffraction data. The 
initial structural models for the for the Rietveld refinements were taken from the structural data 
reported by Romero et al. 32 (for trigonal BiPO4-I and monazite-type BiPO4-II) and Masse and 
Duriff 31 (for high-temperature BiPO4-III). Diffractometer zero and sample displacements 
parameters were taken from the neutron diffraction pattern of standard Yb2O3. The peaks of the 
neutron diffraction patterns were computed by using Pseudo-Voigt profile function. The 
backgrounds of the patterns were fitted with shifted Chebyschev polynomial functions. It can be 
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evident. This observation is supported by first principle total energy calculations explained later 
in this manuscript. The different trends in variation of unit cell parameters of BiPO4-I are 
reflected in the variation of unit cell volume (Fig. 7). The variation of molar volume (V/Z) of 
BiPO4-I with temperature shows feeble decreasing trend up to 473 K. This initial decreasing 
trend can be assigned to the contraction of the lattice due to the loss of water molecules from the 
hexagonal channel in the lattice. A subtle positive expansion behavior in between 473 and 673 K 
can be attributed thermal expansion behavior of anhydrous trigonal BiPO4 (Phase-I). In a 
condition, the trigonal, monazite-type and SbPO4-type phase can exist with stoichiometry as 
BiPO4 and thus they can be regarded as polymorphic transition.  
 
Detailed analyses of the refined structural parameters of the different polymorphs suggest 
that the PO4 tetrahedra are regular in the monazite-type (BiPO4-II) and SbPO4-type (BiPO4-III) 
phases compared to those the trigonal phase. The polyhedral characters of the three phases were 
calculated by IVTON 52, 53 and they are given in Table 4. It can be mentioned here that the PO4 
tetrahedra in trigonal phase do not act like a rigid unit as commonly observed in most 
phosphates. The average bond lengths of P-O of trigonal phase are also longer compared to other 
two phases. Similar analyses of coordination polyhedra around Bi in the three phases indicate 
that the BiO8 or BiO9 units of the BiPO4 phases are distorted and asymmetric. Further the 
volume distortion 53 (relative difference between the volume of polyhedra and volume of ideal 
polyhedra expected for a same radius of circumscribed sphere) and eccentricity (deviation of 
central atom position from the ideal centre of the coordination polyhedron) of the BiOn 
polyhedra are larger in trigonal phase compared to the other two phases. The details of 
polyhedral analyses of the high temperature structures are given in Electronic Supplementary 
Information (ESI-I) †. The larger eccentricity and asymmetry of the trigonal phase is minimized 
by the additional bonding interaction from the H2O molecules in the lattice. It is observed that 
the average Bi-O bond lengths and distortion in BiO8 polyhedra increase with the increase in 
temperature. The increasing trend is significant for trigonal (I) and monazite (II) type phases 
compared to the SbPO4 type phase (III). This result suggests that the SbPO4 type phase is the 
stable phase for BiPO4 at ambient condition. The relatively expanded lattice can be attributed to 
the higher stability of SbPO4-type phase. In the next section we further study the stability of 





 In summary, the detailed analyses of the powder X-ray and neutron diffraction data as 
well as IR and Raman studies on three polymorphs of BiPO4 revealed accurate structural 
parameters and local distortions parameters around Bi3+and P5+. Further the structural parameters 
and vibrational frequencies were supported by ab initio calculations based on DFT. The 
irreversible trigonal-monazite-SbPO4-type structural transitions are explained from the molar 
volume and total energy of the three phases. Highly distorted structural arrangement around Bi3+ 
and P5+ has a very limited stability and is only stabilized by water molecules in the trigonal 
phase. It is revealed that structural transition from trigonal to monazite or SbPO4 type structures 
is accompanied by a significant reduction in volume. DFT calculations revealed that the 
monazite and SbPO4-type BiPO4 have almost similar total energy and hence a competing 
stability. Further it is observed that monazite type phase shows larger lattice thermal expansion 
compared to the SbPO4-type phase and thus it is truly a metastable phase. 
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Table 1: Refined unit cell parameters for different polymorphs of BiPO4 at ambient temperature 
(300K). (Calculated unit cell parameters are also included for comparison) 
Table-2: Refined and calculated structural parameters of BiPO4 at 300K ((a). Trigonal (I), (b). 
Monazite-type (II) and (c). SbPO4-type (III)).  
Table 3: The typical bond lengths and polyhedral parameters in different phases of BiPO4.  
Table 4: Calculated and observed Infrared modes of different BiPO4 phases. ((a). Trigonal (I), 
(b). Monazite-type (II) and (c). SbPO4-type (III).)  
Table 5: Calculated and observed Raman modes of BiPO4 phases. ((a). Trigonal (I), (b). 









Table 3: The typical bond lengths and polyhedral parameters in different phases of BiPO4.  
 
BIPO4-I (Trigonal) BIPO4-II (Monazite-type) BIPO4-III (SbPO4-type) 
Bi - O1  2.817(8) (Å) Bi - O1 2.580(6)  (Å) Bi - O1 2.149(4) (Å)  
Bi - O1  2.296(8)    Bi - O1  2.492(5) Bi - O1 2.880(4) 
Bi - O1 2.817(7)    Bi - O2 3.020(5) Bi - O2  2.896(4) 
Bi - O1  2.296(12)    Bi - O2 2.399(6) Bi - O2 2.330(3)    
Bi - O2  2.378(7)    Bi - O2 2.700(5)  Bi - O3   2.357(3) 
Bi1 -O2  2.490(9)    Bi - O3  2.361(6) Bi - O3  2.526(3) 
Bi - O2 2.490(7)    Bi - O3 2.394(6) Bi - O3  2.526(3) 
Bi - O2 2.378(8)    Bi - O4 2.469(5)) Bi - O3 2.357(3) 
  Bi - O4 2.426(6)   
CN: 6+2 CN 8+1 CN 8 
<Bi-O> 2.495(3) (Å) <Bi-O>9 2.538(2)  (Å) <Bi-O> 2.503(1) (Å) 
Distt.  62.976 x10-4 Distt.  60.598 x10-4 Distt.  98.915 x10-4 
  <Bi-O>8 2.478(2) (Å)   
  Distt.  18.238 x10-4   
VBiO8 (Å3) 29.06 VBiO8 (Å3) 26.26 VBiO8 (Å3) 27.28 
Distt.   0.1491 Distt. 0.0684 Distt. 0.0819 
Sphericity 0.844 Sphericity 0.941 Sphericity 0.910 
Eccentricity 0.346 Eccentricity 0.196 Eccentricity 0.449 
  VBiO9 (Å3) 31.95   
  Distt. 0.0557   
  Sphericity 0.853   
  Eccentricity 0.308   
P – O1 1.523(12) (Å) P - O1 1.550(7)  (Å) P - O1 1.554(4) (Å) 
P - O1 1.523(9) P - O2 1.567(7) P - O2 1.552(4) 
P - O2 1.592(9) P - O3   1.539(6)    P - O3 1.526(3)  
P - O2  1.592(10)    P -O4   1.509(8) P - O3  1.526(3) 
<P-O>4 1.558(5) (Å) <P-O>4 1.541(4) (Å) <P-O> 1.540(2) (Å) 
Distt. 4.895 x10-4 Distt. 1.839 x10-4 Distt. 0.757 x10-4 
VPO4 (Å3) 1.923 VPO4 (Å3) 1.862 VPO4 (Å3) 1.861 
Distt.   0.0128 Distt. 0.0094 Distt. 0.0070 
Sphericity 1 Sphericity 1 Sphericity 1 






(b). Monazite-type (BiPO4-II)  
Mode LDA ω (cm-1) Mode PBESol ω  (cm-1) Mode Exper ω (cm-1) 
Ag(R) 64.378 Ag(R) 58.209 Ag 50,9 
Ag(R) 74.285 Ag(R) 68.383 Ag 59,8 
Bg(R) 75.286 Bg(R) 73.287 Bg 69,9 
Bg(R) 93.699 Bg(R) 89.332 Bg 89,6 
Ag(R) 97.335 Ag(R) 95.337 Ag 97,3 
Bg(R) 106.908 Bg(R) 102.642 Bg 108,6 
  
Ag(R) 132.697 Bg 131,1 
Bg(R) 134.561 Bg(R) 134.732 Bg 135,5 
Ag(R) 138.597     
Ag(R) 166.950 Ag(R) 165.688 Ag 169,9 
Bg(R) 172.921 Bg(R) 167.790 Bg + Ag 176,7 
Ag(R) 172.787 Ag(R) 168.424   
Ag(R) + Bg(R) 192.601 Ag(R) 184.002 Ag + Bg 182,7 
  
Bg(R) 185.236   
Bg(R) 212.115 Bg(R) 203.883 Bg 207,4 
Bg(R) 235.931 Bg(R) 226.199 Bg 229,8 
Ag(R) 240.434 Ag(R) 231.903 Ag 237,1 
Bg(R) 279.095 Bg(R) 271.332 Bg 272,5 
Ag(R) 286.133 Ag(R) 278.671 Ag 283,5 
Bg(R) 375.729 Bg(R) 368.303 Bg 388,4 
Ag(R) 390.439 Ag(R) 384.549 Ag 407,4 
Ag(R) 445.077 Ag(R) 438.688 Ag 457,0 
Bg(R) 477.833 Bg(R) 469.945 Bg 463,5 
Ag(R) 503.051 Ag(R) 497.999 Ag 495,9 
Ag(R) 531.404 Ag(R) 527.220 Ag 522,7 
Bg(R) 532.638 Bg(R) 527.287 Bg 557,1 
Bg(R) 547.749 Bg(R) 540.930 Bg 572,6 
Ag(R) 573.867 Ag(R) 568.083 Ag 598,3 
Bg(R) 580.405 Bg(R) 573.921 Bg 604,5 
Ag(R) 933.184 Ag(R) 911.936 Ag + Bg 926,3 
Bg(R) 933.685 Bg(R) 915.772   
Ag(R) 954.933 Ag(R) 935.286 Ag 947,8 
Ag(R) 973.412 Ag(R) 956.502 Ag 969,5 
Bg(R) 982,552 Bg(R) 962.272 Bg 981,0 
Bg(R) 1001.799 Bg(R) 985.256 Bg 1021,0 
Ag(R) 1027.383 Ag(R) 1010.141 Ag 1039,4 


















Fig. 5: Powder XRD patterns of BiPO4 phases at representative temperatures. (a). Trigonal (I), (b). Monazite-type (II) and (c). SbPO4-










































Fig. 9: Typical FTIR spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type (II) 






Fig. 10: Typical Raman spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type 
(II) and (c). SbPO4-type (III). Vertical ticks indicate the calculated frequencies. 
15 
 
(ν4 bands) cm-1. Additional new bands at 669, 632 cm-1 might be arising from the ν3 and ν1 
modes of PO4 units.   
 
As regards Raman scattering measurements of BiPO4 polymorphs presented in Fig. 10, it 
must be emphasized here that Raman data of BiPO4 already reported in the literature are obscure 
in its interpretation, though they have been often used to characterize the BiPO4 phases. 16-19, 32, 
58, 59 In most cases, the high-frequency Raman modes of free PO4 units were used to characterize 
the different phases, but a complete mode analysis has not been undertaken to our knowledge. 
Here we present a detailed symmetry analysis and computational study which has allowed us to 
identify almost all the Raman modes of the BiPO4 phases (see Table 5(a-c)). In the present 
study, about 20 modes could be clearly identified in the Raman spectra of BiPO4-I. As expected, 
internal vibrational modes of PO4 units appear at high frequencies, while those due to the internal 
modes of the BiO8 units are observed at low frequency. The intense A1 (118.7 cm-1, strong and 
sharp) and E (241.7 cm-1, strong and broad) modes are due to the internal modes of BiO8 
polyhedra in BiPO4-I. 60 The five modes observed at 944, 969, 980, 1012 and 1073 cm-1 are 
assigned to the symmetric and asymmetric stretching frequencies of P-O bonds of PO4 units of 
the trigonal phase. Similar comparison with the earlier reported Raman modes of PO4 groups, the 
bands observed at 498, 546, 579 and 606 cm-1 can be assigned to the bending (ν4) modes and 
bands at 379, 453, 465 cm-1 can be assigned to the (ν2) bending modes of PO4 units. The 
stretching modes of bonds in PO4 units in monazite (II) phase are also quite similar to those 
observed for trigonal (I) phase except that for some splitting. This can be attributed to highly 
dissimilar bond lengths in phases-I and II as described in the explanation of IR results. Similar 
split bands are also observed at lower frequencies due to the internal modes of the BiOn units of 
phase II and III. In particular the phase II and III display an additional band around 400 cm-1 
compared to the trigonal (I) phase. Earlier, such band was observed by Geng et al. 58 and Frost et 
al. 60 and had been assigned to the Bi-O stretching frequency of BiOn polyhedra. This intensity 
and shift in the frequencies can be assigned to the average Bi-O bond length and compactness of 








 In summary, the detailed analyses of the powder X-ray and neutron diffraction data as 
well as IR and Raman studies on three polymorphs of BiPO4 revealed accurate structural 
parameters and local distortions parameters around Bi3+and P5+. Further the structural parameters 
and vibrational frequencies were supported by ab initio calculations based on DFT. The 
irreversible trigonal-monazite-SbPO4-type structural transitions are explained from the molar 
volume and total energy of the three phases. Highly distorted structural arrangement around Bi3+ 
and P5+ has a very limited stability and is only stabilized by water molecules in the trigonal 
phase. It is revealed that structural transition from trigonal to monazite or SbPO4 type structures 
is accompanied by a significant reduction in volume. DFT calculations revealed that the 
monazite and SbPO4-type BiPO4 have almost similar total energy and hence a competing 
stability. Further it is observed that monazite type phase shows larger lattice thermal expansion 
compared to the SbPO4-type phase and thus it is truly a metastable phase. 
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Fig. 1: Powder XRD patters of different phases of BiPO4 at ambient temperature (λ = 1.5417Å). 
Fig. 2: Rietveld refinement plots of powder neutron diffraction data of BiPO4 phases, (a). 
Trigonal (I), (b). Monazite-type (II) and (c). SbPO4-type (III). (λ = 1.249 Å). 
Fig. 3: Crystal structure of BiPO4 phases, (a). Trigonal (I), (b). Monazite-type (II) and (c). 
SbPO4-type (III). (BiO8 (in a and c), BiO9 (in b) and PO4 units are shown). (isolated spheres are 
O3(of water molecules in BiPO4-I). 
Fig. 4: Typical coordination around Bi3+ in BiPO4 phases, (a). Trigonal (I), (b). Monazite type 
(II) and (c). SbPO4 type (III)  
Fig. 5: Powder XRD patterns of BiPO4 phases at representative temperatures. (a). Trigonal (I), 
(b). Monazite-type (II) and (c). SbPO4-type (III) (↑ indicate platinum sample holder base peaks) 
Fig. 6: Variation of unit cell parameters of BiPO4 with temperature. (a). Trigonal (I), (b). 
Monazite-type (II) and (c). SbPO4-type (III).  
Fig. 7: Variation of molar volume of BiPO4 phases with temperature.  
Fig. 8: Total energy as calculated by LDA and PBESol approach.  
Fig. 9: Typical FTIR spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type (II) and (c). 
SbPO4-type (III). Vertical ticks indicate the calculated frequencies. 
Fig. 10: Typical Raman spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type (II) and 











Table 1: Refined unit cell parameters for different polymorphs of BiPO4 at ambient temperature 
(300K). (Calculated unit cell parameters are also included for comparison) 
Table-2: Refined and calculated structural parameters of BiPO4 at 300K ((a). Trigonal (I), (b). 
Monazite-type (II) and (c). SbPO4-type (III)).  
Table 3: The typical bond lengths and polyhedral parameters in different phases of BiPO4.  
Table 4: Calculated and observed Infrared modes of different BiPO4 phases. ((a). Trigonal (I), 
(b). Monazite-type (II) and (c). SbPO4-type (III).)  
Table 5: Calculated and observed Raman modes of BiPO4 phases. ((a). Trigonal (I), (b). 








Table 1: Refined unit cell parameters for different polymorphs of BiPO4 at ambient temperature (300K). (Calculated unit cell 
parameters are also included for comparison) 
 
 BIPO4-I BiPO4 0.67 H2O (trigonal) BIPO4-II BiPO4 (Monazite-type) BIPO4-III BiPO4 (SbPO4-type) 
 Space group: P3121 (No. 152) Space group:P21/n (No. 14) Space group:P21/m (No. 11) 
 ND  XRD LDA PBESol ND XRD LDA PBESol ND XRD LDA PBESol 
a (Å) 6.9793(5) 6.9813(2) 6.9151 6.9882 6.7561(4) 6.7552(1) 6.6658 6.7549 4.8807(2) 4.8804(1) 4.7375 4.7809 
b (Å)     6.9408(4), 6.9417(2) 6.8869 6.9551 7.0674(3) 7.0684(2) 7.0726 7.1590 
c (Å) 6.4743(7) 6.4751(2) 6.3798 6.4314 6.4764(3) 6.4772(2) 6.4148 6.4700 4.7023(2)  4.7033(1) 4.6387 4.7011 
β (°)     103.695(5) 103.691(2) 103.79 103.95 96.303(4) 96.285(3) 95.91 96.07 
V (Å3) 273.11(3) 273.31(1) 264.20 272.00 295.06(2 295.10(1) 286.00 295.00 161.22(1) 161.27(1) 154.6 160.00 
Z 3    4    4    
V/Z (Å3) 91.04    73.77    80.61    
Rp, Rwp  0.0164, 
0.0216 
   0.0276, 
0.0351 
   0.0385; 
0.0517 
   
χ2 0.096    1.073    2.027    






Table-2: Refined and calculated structural parameters of BiPO4 at 300K ((a). Trigonal (I), (b). 
Monazite-type (II) and (c). SbPO4-type (III)).  
(a). BiPO4-I. (Trigonal) 
 
 wyc x y z occ Uiso Å2             














P 3a 0.4401(15) 
0.44011 






















O2 6c 0.6270(12) 
0.49845    
0.49651   
0.1324(12) 
0.12767    
0.12678    
0.1652(11) 
0.49385 
















1st row : Refined parameters from powder neuron diffraction data 
2nd row : LDA (a = b = 6.91509   Å, c = 6.37979 Å, γ = 120º) 
3rd row : PBESol. (a = b = 6.98821   Å, c = 6.43141 Å, γ = 120º) 
(Calculated Structures at 0 pressure and 0 K) 








(b). BiPO4-II (Monazite-type) 
 
 wyc x y z occ Uiso (Å2) 
Bi 4e 0.2871(5) 
0.2824    
0.28394   
0.1447(5) 
0.1462    





P 4e 0.2966(8) 
0.2995    
0.29933    
0.1615(5) 
0.1622    





O1 4e 0.2617(6) 
0.2594    
0.25990   
0.0003(6) 
0.0041    







O2 4e 0.3771(6) 
0.3799    
0.37939   
0.3410(7) 
0.3422    







O3 4e 0.4618(6) 
0.4664    
0.46480   
0.1029(7) 
0.1027    







O4 4e 0.1161(7) 
0.1144    
0.11546   
0.2011(7) 
0.2059    








1st row : Refined parameters from powder neuron diffraction data 
2nd row : LDA (P21/n, setting 7) a =  6.6658 Å, b = 6.8869 Å, c =  6.4148 Å, β = 103.79º) 
3rd row : PBESol. (P21/n, setting 7) a = 6.7549 Å, b = 6.9551 Å, c =  6.4700 Å, β = 103.95º) 







(c). BiPO4-III (SbPO4-type) 
 
 wyc x y z occ Uiso (Å2) # 
Bi 2e 0.1424(4)  
0.12747    
0.13160    
0.2500  
0.25000    





P 2e 0.3733(7) 
0.63319    
0.63746    
0.7500 
0.25000    





O1 2e 0.6761(5) 
0.31724    
0.32318    
0.7500 
0.25000    





O2 2e 0.6013(6) 
0.63648    
0.64067    
0.2500 
0.25000    





O3 4f 0.2102(4) 
0.20392    
0.20006    
0.5802(4) 
0.57963    






1st row : Refined parameters from powder neuron diffraction data 
2nd row : LDA (P21/m, a = 4.73755 Å, b = 7.07260 Å, c = 4.63868 Å, β = 95.91397º) 
3rd row : PBASol. (P21/m, a = 4.78092 Å, b = 7.15898 Å, c = 4.70108 Å, β = 96.06833º) 
(Calculated Structures at 0 pressure and 0 K) 
 
# Anisotropic thermal parameters for BiPO4 (SbPO4-type) 
 
 U11  (Å2)            U12  (Å2)            U13  (Å2)            U22  (Å2)            U23  (Å2)            U33  (Å2)            
Bi 0.0129(13)   0.0          0.0003(9)    0.0022(13)   0.0          0.0110(11) 
P 0.0051(16)   0.0         -0.0018(13)   0.0064(15)   0.0          0.0001(17) 
O1 0.0014(14)   0.0         -0.0011(13)   0.0262(17)   0.0          0.0092(19) 
O2 0.0059(16)   0.0          0.0042(15)   0.0228(19)   0.0          0.0132(19) 






Table 3: The typical bond lengths and polyhedral parameters in different phases of BiPO4.  
 
BIPO4-I (Trigonal) BIPO4-II (Monazite-type) BIPO4-III (SbPO4-type) 
Bi - O1  2.817(8) (Å) Bi - O1 2.580(6)  (Å) Bi - O1 2.149(4) (Å)  
Bi - O1  2.296(8)    Bi - O1  2.492(5) Bi - O1 2.880(4) 
Bi - O1 2.817(7)    Bi - O2 3.020(5) Bi - O2  2.896(4) 
Bi - O1  2.296(12)    Bi - O2 2.399(6) Bi - O2 2.330(3)    
Bi - O2  2.378(7)    Bi - O2 2.700(5)  Bi - O3   2.357(3) 
Bi1 -O2  2.490(9)    Bi - O3  2.361(6) Bi - O3  2.526(3) 
Bi - O2 2.490(7)    Bi - O3 2.394(6) Bi - O3  2.526(3) 
Bi - O2 2.378(8)    Bi - O4 2.469(5)) Bi - O3 2.357(3) 
  Bi - O4 2.426(6)   
CN: 6+2 CN 8+1 CN 8 
<Bi-O> 2.495(3) (Å) <Bi-O>9 2.538(2)  (Å) <Bi-O> 2.503(1) (Å) 
Distt.  62.976 x10-4 Distt.  60.598 x10-4 Distt.  98.915 x10-4 
  <Bi-O>8 2.478(2) (Å)   
  Distt.  18.238 x10-4   
VBiO8 (Å3) 29.06 VBiO8 (Å3) 26.26 VBiO8 (Å3) 27.28 
Distt.   0.1491 Distt. 0.0684 Distt. 0.0819 
Sphericity 0.844 Sphericity 0.941 Sphericity 0.910 
Eccentricity 0.346 Eccentricity 0.196 Eccentricity 0.449 
  VBiO9 (Å3) 31.95   
  Distt. 0.0557   
  Sphericity 0.853   
  Eccentricity 0.308   
P – O1 1.523(12) (Å) P - O1 1.550(7)  (Å) P - O1 1.554(4) (Å) 
P - O1 1.523(9) P - O2 1.567(7) P - O2 1.552(4) 
P - O2 1.592(9) P - O3   1.539(6)    P - O3 1.526(3)  
P - O2  1.592(10)    P -O4   1.509(8) P - O3  1.526(3) 
<P-O>4 1.558(5) (Å) <P-O>4 1.541(4) (Å) <P-O> 1.540(2) (Å) 
Distt. 4.895 x10-4 Distt. 1.839 x10-4 Distt. 0.757 x10-4 
VPO4 (Å3) 1.923 VPO4 (Å3) 1.862 VPO4 (Å3) 1.861 
Distt.   0.0128 Distt. 0.0094 Distt. 0.0070 
Sphericity 1 Sphericity 1 Sphericity 1 





Table 4: Calculated and observed Infrared modes of different BiPO4 phases. ((a). Trigonal (I), 
(b). Monazite-type (II) and (c). SbPO4-type (III).)  
 
(a). Trigonal (BiPO4-I)  
 
Mode LDA ω (cm-1) Mode PBESol ω (cm-1) Mode Exp. ω  (cm-1) 
E(RI) 68.414 E(RI) 64.4806   
A2(I) 81.590 A2(I) 78.057   
E(RI) 90.897 E(RI) 87.931   
A2(I) 104.940 A2(I) 106.544   
E(RI) 116.314 E(RI) 107.578   
E(RI) 146.135 A2(I) 139.669   
A2(I) 147.536 E(RI) 142.2376   
E(RI) 157.944 E(RI) 156.448   
E(RI) 191.967 E(RI) 187.203   
A2(I) 205.210 A2(I) 195.776   
E(RI) 223.289 E(RI) 214.890   
E(RI) 247.906 E(RI) 240.042   
A2(I) 251.242 A2(I) 241.844   
E(RI) 355.281 E(RI) 351.190   
E(RI) 464.691 E(RI) 456.668 E(RI) 443b 
E(RI) 508.088 E(RI) 503.035   
A2(I) 533.472 A2(I) 526.886 A2(I) 539s 
E(RI) 554.754 E(RI) 548.035 E(RI) 553w 
A2(I) 570.131 A2(I) 563.846 A2(I) 560w 
E(RI) 575.401 E(RI) 568.750 E(RI) 594s 
  
    
E(RI) 944.692 E(RI) 928.447   
E(RI) 964.640 E(RI) 946.861 E(RI) 949s 
A2(I) 982.452 A2(I) 964.907   
E(RI) 985.354 E(RI) 968.176 E(RI) 957s 
A2(I) 1017.977 A2(I) 996.597   
E(RI) 1068.679 E(RI) 1047.101 E(RI) 1023s 
  







 (b). Monazite-type (BiPO4-II)  
Mode LDA  ω (cm-1) Mode PBESol  ω (cm-1) Mode Exp.  ω  (cm-1) 
Au(I) 71.850 Au(I) 65.915   
Bu(I) 83.258 Bu(I) 75.555   
Au(I) 86.527 Au(I) 83.395   
Bu(I) 112.812 Bu(I) 102.976   
Au(I) 124.053 Au(I) 112.116   
Bu(I) 154.208 Bu(I) 147.041   
Au(I) 157.143 Au(I) 154.447   
  
Bu(I) 172.493   
Au(I) 179.859 Au(I) 174.495   
Bu(I) 180.059     
Bu(I) 194.436 Bu(I) 188.305   
Au(I) 208.746 Au(I) 203.716   
Bu(I) 217.652 Bu(I) 213.757   
Au(I) 236.999 Au(I) 227.967   
  
Au(I) 254.186   
Bu(I) 260.915 Bu(I) 256.421   
Au(I) 262.483     
Bu(I) 366.722 Bu(I) 359.430   
Au(I) 368.957 Au(I) 363.934   
Au(I) 455.618 Au(I) 449.496   
Bu(I) 470.295 Bu(I) 463.373 Bu(I) + Bu(I) 473w 
Au(I) 502.284 Au(I) 497.932   
Bu(I) 519.996 Bu(I) 514.844   
Au(I) 528.802 Au(I) 523.784 Au(I) 529s 
Bu(I) 539.276 Bu(I) 533.091 Bu(I) 554s 
Bu(I) 567.996 Bu(I) 562.579 Bu(I) 564s 
Au(I) 583.440 Au(I) 576.756 Au(I) 604s 
  
    
Bu(I) 919.141 Bu(I) 898.993 Bu(I) 876w 
Au(I) 927.614 Au(I) 908.867   
Au(I) 937.154 Au(I) 917.306   
Bu(I) 941.690 Bu(I) 922.276 Bu(I) 930s 
Bu(I) 975.847 Bu(I) 960.671 Bu(I) 958s 
Au(I) 981.151 Au(I) 963.974   
Bu(I) 1041.426 Bu(I) 1023.317 Bu(I) 1011s 
Au(I) 1052.968 Au(I) 1033.925 Au(I) 1031s 
  






(c). SbPO4-type (BiPO4-III).)  
 
Mode LDA ω (cm-1) Mode PBESol ω (cm-1) Mode Exp.ω (cm-1) 
Bu(I) 120.184 Bu(I) 109.080   
Au(I) 126.955 Au(I) 113.516   
Bu(I) 153.507 Bu(I) 149.909   
Au(I) 185.196 Au(I) 182.7673   
Bu(I) 201.340 Bu(I) 196.410   
Au(I) 209.880 Au(I) 203.616   
Au(I) 322.725 Au(I) 320.468   
  
   421w 
  
   434w 
  
   451w 
  
   457w 
Bu(I) 481.869 Bu(I) 474.848 Bu(I) 472w 
Au(I) 494.545 Au(I) 491.860 Au(I) 494s 
Bu(I) 508.088 Bu(I) 503.702 Bu(I) 513s 
  
   527w 
  
    
Bu(I) 582.373 Bu(I) 576.222 Bu(I) 554s 
  
   630s 
Au(I) 933.651 Au(I) 913.670   
Bu(I) 936.120 Bu(I) 918.707 Bu(I) 928w 
  
  Bu(I) 963s 
Bu(I) 1003.333 Bu(I) 987.624 Bu(I) 1005s 
Bu(I) 1048.631 Bu(I) 1029.521 Bu(I) 1029s 
  














Table 5: Calculated and observed Raman modes of BiPO4 phases. ((a). Trigonal (I), (b). 
Monazite-type (II) and (c). SbPO4-type (III)).  
 
(a). Trigonal (BiPO4-I),  
 
Mode LDA - ω (cm-1) Mode PBESol  ω (cm-1) Modes Exper. - ω (cm-1) 
E(RI) 68.414 E(RI) 64.480   
A1(R) 79.922 A1(R) 77.223   
E(RI) 90.897 E(RI) 87.931 E(RI) 93.6 
E(RI) 116.314 E(RI) 107.578   
A1(R) 117.148 A1(R) 109.780 A1(R) 118.7 
E(RI) 146.135 E(RI) 142.237 E(RI) 146.9 
E(RI) 157.944 E(RI) 156.448 E(RI) 162.2 
E(RI) 191.967 E(RI) 187.203 E(RI) 192.6 
A1(R) 195.303 A1(R) 191.273   
E(RI) 223.289 E(RI) 214.890 E(RI) 220.8 
E(RI) 247.906 E(RI) 240.042 E(RI) 241.7 
E(RI) 355.281 E(RI) 351.190 E(RI) 367.9 
A1(R) 373.494 A1(R) 370.705 A1(R) 378.8 
A1(R) 438.506 A1(R) 430.515 A1(R) 452.8 
E(RI) 464.691 E(RI) 456.668 E(RI) 464.7 
E(RI) 508.088 E(RI) 503.035 E(RI) 497.5 
A1(R) 532.938 A1(R) 527.186 A1(R) 546.4 
E(RI) 554.754 E(RI) 548.035 E(RI) 579 
E(RI) 575.401 E(RI) 568.750 E(RI) 606.2 
E(RI) 944.692 E(RI) 928.447 E(RI) 943.7 
A1(R) 949.162 A1(R) 933.217   
E(RI) 964.640 E(RI) 946.861 E(RI) 968.8 
A1(R) 975.881 A1(R) 957.735 A1(R) 979.7 
E(RI) 985.354 E(RI) 968.176 E(RI) 1012 














(b). Monazite-type (BiPO4-II)  
Mode LDA ω (cm-1) Mode PBESol ω  (cm-1) Mode Exper ω (cm-1) 
Ag(R) 64.378 Ag(R) 58.209 Ag 50,9 
Ag(R) 74.285 Ag(R) 68.383 Ag 59,8 
Bg(R) 75.286 Bg(R) 73.287 Bg 69,9 
Bg(R) 93.699 Bg(R) 89.332 Bg 89,6 
Ag(R) 97.335 Ag(R) 95.337 Ag 97,3 
Bg(R) 106.908 Bg(R) 102.642 Bg 108,6 
  
Ag(R) 132.697 Bg 131,1 
Bg(R) 134.561 Bg(R) 134.732 Bg 135,5 
Ag(R) 138.597     
Ag(R) 166.950 Ag(R) 165.688 Ag 169,9 
Bg(R) 172.921 Bg(R) 167.790 Bg + Ag 176,7 
Ag(R) 172.787 Ag(R) 168.424   
Ag(R) + Bg(R) 192.601 Ag(R) 184.002 Ag + Bg 182,7 
  
Bg(R) 185.236   
Bg(R) 212.115 Bg(R) 203.883 Bg 207,4 
Bg(R) 235.931 Bg(R) 226.199 Bg 229,8 
Ag(R) 240.434 Ag(R) 231.903 Ag 237,1 
Bg(R) 279.095 Bg(R) 271.332 Bg 272,5 
Ag(R) 286.133 Ag(R) 278.671 Ag 283,5 
Bg(R) 375.729 Bg(R) 368.303 Bg 388,4 
Ag(R) 390.439 Ag(R) 384.549 Ag 407,4 
Ag(R) 445.077 Ag(R) 438.688 Ag 457,0 
Bg(R) 477.833 Bg(R) 469.945 Bg 463,5 
Ag(R) 503.051 Ag(R) 497.999 Ag 495,9 
Ag(R) 531.404 Ag(R) 527.220 Ag 522,7 
Bg(R) 532.638 Bg(R) 527.287 Bg 557,1 
Bg(R) 547.749 Bg(R) 540.930 Bg 572,6 
Ag(R) 573.867 Ag(R) 568.083 Ag 598,3 
Bg(R) 580.405 Bg(R) 573.921 Bg 604,5 
Ag(R) 933.184 Ag(R) 911.936 Ag + Bg 926,3 
Bg(R) 933.685 Bg(R) 915.772   
Ag(R) 954.933 Ag(R) 935.286 Ag 947,8 
Ag(R) 973.412 Ag(R) 956.502 Ag 969,5 
Bg(R) 982,552 Bg(R) 962.272 Bg 981,0 
Bg(R) 1001.799 Bg(R) 985.256 Bg 1021,0 
Ag(R) 1027.383 Ag(R) 1010.141 Ag 1039,4 











ω (cm-1) Mode 
PBESol 
 ω (cm-1) 
Modes Exper.  
ω  (cm-1) 
Ag(R) 37.793 Ag(R) 38.294 Ag(R) 56.2 
Ag(R) 72.050 Ag(R) 66.315 Ag(R) 68.8 
Bg(R) 108.843 Bg(R) 103.842 Bg(R) 91.7 
Ag(R) 129.424 Ag(R) 124.624   
Bg(R) 138.763 Ag(R) 132.830 Ag(R) 135.7 
Ag(R) 140.465 Bg(R) 139.835 Bg(R) 144.5 
Bg(R) 171.553 Bg(R) 166.922 Bg(R) 171.2 
Ag(R) 200.240 Ag(R) 195.710 Ag(R) 214.2 
Bg(R) 267.420 Bg(R) 258.022 Bg(R) 244 
Bg(R) 326.328 Bg(R) 322.936 Bg(R) 353.6 
Ag(R) 470.762 Ag(R) 463.573 Ag(R) 486.4 
Ag(R) 508.221 Ag(R) 504.403 Ag(R) 548.3 
Bg(R) 539.310 Bg(R) 533.724 Bg(R) 557.1 
Ag(R) 582.139 Ag(R) 576.856 Ag(R) 609.9 
Ag(R) 946.694 Ag(R) 929.982 Ag(R) 966.1 
Bg(R) 955.200 Bg(R) 936.019 Bg(R) 982.9 
Ag(R) 994.327 Ag(R) 978.050 Ag(R) 1037.8 






















Fig. 2: Rietveld refinement plots of powder neutron diffraction data of BiPO4 phases, (a). 






Fig. 3: Crystal structure of BiPO4 phases, (a). Trigonal (I), (b). Monazite-type (II) and (c). SbPO4-type (III). (BiO8 (in a and c), BiO9 



















Fig. 5: Powder XRD patterns of BiPO4 phases at representative temperatures. (a). Trigonal (I), (b). Monazite-type (II) and (c). SbPO4-










































Fig. 9: Typical FTIR spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type (II) 






Fig. 10: Typical Raman spectra of BiPO4 phases. (a). Trigonal (I), (b). Monazite-type 
(II) and (c). SbPO4-type (III). Vertical ticks indicate the calculated frequencies. 
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Table-1.  Refined structural parameters of BiPO4-I at different temperatures. (from powder 
XRD data) . 
a.  Trigonal (P3121) phase. 
b.  Trigonal (P3121), Monazite type (P21/n) and SbPO4-type (P21/m) coexisting 
phases (at 773 K). 
c. Monazite type (P21/n) and SbPO4-type (P21/m) coexisting phases (at 873 K). 
d.  SbPO4-type (P21/m) phase 
Table-2. Refined structural parameters of BiPO4-II (Monazite-type) at different 
temperatures. (from powder XRD data)  
a. Monazite type (P21/n) phases. 
b.  SbPO4-type (P21/m) phase. 
Table-3.  Refined structural parameters of BiPO4-III (SbPO4 type) at different temperatures. 
(from powder XRD data)  
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d.  SbPO4-type (P21/m) phase 
 
BiPO4-I 

























165.68(1)   
Bi 2e  
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0.204(3)      
0.5824(9)     
0.193(4) 
Bov (Å)2 1.9(2) 1.48(8) 3.63(11) 3.63(12) 
Rp,  Rwp, χ2 15.7, 22.0, 1.46 18.6, 24.8, 1.85 18.3, 24.6, 1.88 18.4, 24.8, 1.87 










































<Bi-O>8 (Å) 2.532  2.522 2.536 2.541 





















<P-O> (Å) 1.536  1.534 1.536  1.534 





Table-2. Refined structural parameters of BiPO4-II (Monazite type) at different temperatures. (As observed from powder XRD data)  
a. Monazite type 
 HT HT_002 HT_003 HT2 HT2_002 HT2_003 HT2_004 HT2_005 
Temp 298 K 373 K 473 K 573 K 673 K 773 K 873 K 973 K 






















































































<Bi-O>9 (Å) 2.551 2.562 2.565 2.572 2.576 2.584 2.588 2.597 











































<P-O>4 (Å) 1.531 1.527 1.529 1.526 1.525 1.527 1.529 1.534  





b.  SbPO4- type 
 
  HT2_005 (R) HT2_006 (R) HT2_007 (R) e 












































































Bov  -0.57(8) 1.7(1)  
Rp, Rwp, χ2  20.3, 25.8, 2.69 22.3, 27.1, 2.93 28.2, 34.8, 4.36 
RB, RF  20.9, 10.3   19.9, 11.3   30.8 , 18.6   
Bi - O1 (Å) 
Bi - O1 
Bi - O2  
Bi - O2 
Bi - O3   
Bi - O3  
Bi - O3  


























<Bi-O> (Å)  2.545 2.537 2.542 
Distt.  84.5 × 10-4\ 84.2  × 10-4 81. 0 × 10-4 
P - O1 (Å) 
P - O2 
P - O3 





1.5513(  73)  
1.5474(  67) 
1.5151( 111)  
1.5151( 111) 
 
1.5565(  77)  
1.5518(  67) 
1.5191( 162)  
1.5191( 162) 
 
<P-O> (Å)  1.524 1.532 1.537  











Fig.4. Rietveld refinement plot of the powder XRD data of BiPO4-II at 873 K. (only monazite 













Fig.5. Rietveld refinement plot of the powder XRD data of BiPO4-II at 973 K. (coexistence of 
monazite and SbPO4-type phases are indicated by vertical ticks (from top to bottom). Arrows 















Fig.6. Rietveld refinement plot of the powder XRD data of BiPO4-II at 1073 K. (Only SbPO4-









Table-3. Refined structural parameters of BiPO4-III (SbPO4 type) at different temperatures. (As observed from powder XRD data)  
 
 HT 002 003 004 005 006 007 008 009 010 
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165.849(7)   
BI 



































































































































































































































Table-3. Refined structural parameters of BiPO4-III (SbPO4 type) at different temperatures. (As observed from powder XRD data)  
 
 HT 002 003 004 005 006 007 008 009 010 
Temp 298 K 373 K 473 K 573 K 673 K 773 K 873 K 973 K 1073 K 1173 K 
           
































































































<P-O>  (Å) 2.514 2.518  2.521 2.523 2.529 2.526 2.532 2.538 2.539 2.544 
           
Distt. 92.3 × 10-4  108.4 × 10-4 95.8 × 10-4  87.5 × 10-4  97.0 × 10-4  92.4 × 10-4  93.8 × 10-4  88.0 × 10-4  88.7 × 10-4  85.3 × 10-4  




















































<P-O>   Å) 1.531  1.531   1.530 1.532 1.532 1.533 1.534 1.533 1.533 1.534 
Distt. 0.96 × 10-4  0.89 × 10-4  1.10 × 10-4  0.86 × 10-4  0.90 × 10-4  0.82 × 10-4  0.77 × 10-4  1.08 × 10-4  0.82 × 10-4  1.00 × 10-4  








Fig.7. Rietveld refinement plot of the powder XRD data of BiPO4-III at 298 K. (Only SbPO4-















Fig.8. Rietveld refinement plot of the powder XRD data of BiPO4-III at 1173 K. (Only 

















Fig.9. Typical TG-DTA traces of as prepared sample of hydrated trigonal BiPO4 sample. 
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Fig.5. Rietveld refinement plot of the powder XRD data of BiPO4-II at 973 K. (coexistence of 
monazite and SbPO4-type phases are indicated by vertical ticks (from top to bottom). Arrows 















Fig.6. Rietveld refinement plot of the powder XRD data of BiPO4-II at 1073 K. (Only SbPO4-









Table-3. Refined structural parameters of BiPO4-III (SbPO4 type) at different temperatures. (As observed from powder XRD data)  
 
 HT 002 003 004 005 006 007 008 009 010 
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Table-3. Refined structural parameters of BiPO4-III (SbPO4 type) at different temperatures. (As observed from powder XRD data)  
 
 HT 002 003 004 005 006 007 008 009 010 
Temp 298 K 373 K 473 K 573 K 673 K 773 K 873 K 973 K 1073 K 1173 K 
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Fig.7. Rietveld refinement plot of the powder XRD data of BiPO4-III at 298 K. (Only SbPO4-















Fig.8. Rietveld refinement plot of the powder XRD data of BiPO4-III at 1173 K. (Only 

















Fig.9. Typical TG-DTA traces of as prepared sample of hydrated trigonal BiPO4 sample. 
 (Sample was heated from 323 to 873 K at a rate of 10K/min).  
 
 
